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CENP-A is a centromere-specific histone
variant that determines centromere
identity, but how it localizes to
centromeres is not completely
understood. Niikura et al. now show that
CENP-A is ubiquitinated and that
ubiquitination is required for CENP-A’s
interaction with the chromatin assembly
factor HJURP and for CENP-A
localization to centromeres.
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CENP-A is a centromere-specific histone H3 variant
that epigenetically determines centromere identity
to ensure kinetochore assembly and proper chromo-
some segregation, but the precise mechanism of its
specific localization within centromeric heterochro-
matin remains obscure. We have discovered that
CUL4A-RBX1-COPS8 E3 ligase activity is required
for CENP-A ubiquitylation on lysine 124 (K124)
and CENP-A centromere localization. A mutation of
CENP-A, K124R, reduces interaction with HJURP (a
CENP-A-specific histone chaperone) and abrogates
localization of CENP-A to the centromere. Addition
of monoubiquitin is sufficient to restore CENP-A
K124R to centromeres and the interaction with
HJURP, indicating that ‘‘signaling’’ ubiquitylation is
required for CENP-A loading at centromeres. The
CUL4A-RBX1 complex is required for loading newly
synthesized CENP-A and maintaining preassembled
CENP-A at centromeres. Thus, CENP-A K124R ubiq-
uitylation, mediated by the CUL4A-RBX1-COPS8
complex, is essential for CENP-A deposition at the
centromere.
INTRODUCTION
The centromere plays an essential role in accurate chromosome
segregation, and defects in its function lead to aneuploidy and
thereby cancer. In most eukaryotes, the centromere has no
defined DNA sequence but consists of large arrays of repetitive
DNA; in humans, this sequence is a 171-bp a-satellite DNA,
although several other sequence types are found in this region.
Except in the budding yeast, centromere identity relies not on
the DNA sequence but on the presence of a special nucleosome
that contains the histone H3 variant CenH3 (CENtromere Protein
A [CENP-A] in humans). Therefore, CENP-A is proposed to be
the epigenetic mark of the centromere (Karpen and Allshire,
1997), and recently this mark was demonstrated to act through
a two-step mechanism to identify, maintain, and propagate
centromere function indefinitely using gene targeting in humanDevelcells and fission yeast (Fachinetti et al., 2013). CENP-A-contain-
ing nucleosomes are formed with canonical histones H2A, H2B,
and H4 at the active centromeres, but their structure remains
controversial (Black and Cleveland, 2011). CENP-A nucleo-
somes localize to the inner plate of mammalian kinetochores
(Warburton et al., 1997) and bind to the 171-bp a-satellite
DNA. Active centromeres require CENP-A nucleosomes to direct
the recruitment of a constitutive centromere-associated network
(CCAN) and the kinetochore proteins, which together orches-
trate the attachment of chromosomes to the mitotic spindle
and regulate cycle progression through the spindle checkpoint.
CENP-A contains a short centromere targeting domain (CATD)
within the histone fold region (Black et al., 2004). Replacement
of the corresponding region of H3 with the CATD is sufficient
to direct H3 to the centromere (Black et al., 2004), and this
chimeric histone can rescue the viability of CENP-A-depleted
cells (Black et al., 2004, 2007).
Previous studies in human cells show that newly synthesized
CENP-A is recruited only during a brief interval in G1 immediately
following mitosis (Hemmerich et al., 2008; Jansen et al., 2007).
The assembly of new centromeric nucleosomes depends on
the Holliday junction recognition protein (HJURP), which is a
CENP-A-specific chromatin assembly factor (Bernad et al.,
2011; Dunleavy et al., 2009; Foltz et al., 2009). Like CENP-A,
HJURP is also recruited during early G1 (Dunleavy et al., 2009;
Foltz et al., 2009; Jansen et al., 2007; Schuh et al., 2007). Primary
structural analysis has revealed that human HJURP is a distant
counterpart of Scm3, which is required to deposit centromeric
nucleosomes in yeast (Sanchez-Pulido et al., 2009). CENP-A in-
teracts with HJURP as a soluble pre-nucleosomal complex, and
HJURP recruitment to centromeres depends on the activity of
the Mis18 complex (Barnhart et al., 2011; Moree et al., 2011),
which influences the histone modification and DNA methylation
status of centromeres (Fujita et al., 2007; Kim et al., 2012). The
human proteins hMis18 and M18BP1/KNL2 are recruited to the
centromere at telophase G1, suggesting that the hMis18 com-
plex and RbAp46 and RbAp48 (homologs of Mis16) prime the
centromere for CENP-A localization (Fujita et al., 2007; Maddox
et al., 2007). Recently, McKinley et al. have shown that faithful
CENP-A deposition requires integrated signals fromPlk1 and cy-
clin-dependent kinase (CDK), with Plk1 promoting the localiza-
tion of the Mis18 complex, and CDK inhibiting Mis18 complex
assembly (McKinley and Cheeseman, 2014). In addition, the re-
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the assembly of CENP-A chromatin (Perpelescu et al., 2009),
and the CENP-A licensing factor M18BP1/KNL2 and the small
GTPases-activating protein MgcRacGAP cooperate to promote
the stability of newly loaded CENP-A at centromeres (Lagana
et al., 2010; Prendergast and Sullivan, 2010).
Although CENP-A is thought to be regulated epigenetically,
the function of post-translational modification (PTM) in centro-
mere assembly remains obscure. The phosphorylation of
CENP-A serine 7 (S7) in human cells by Aurora B in the final
stages of cytokinesis has been described (Zeitlin et al., 2001),
and the phosphorylation of CenH3 serine 50 (S50) in maize has
been characterized during chromosome segregation (Zhang
et al., 2005). Studies on the CENP-A S7A mutant show that
the phosphorylated human CENP-A nucleosomes might be
‘‘bridged’’ to CENP-C via the phospho-binding 14-3-3 proteins
in mitosis (Goutte-Gattat et al., 2013). Bailey et al. reported 3
PTMs on human CENP-A (trimethylation of Gly1 and phosphor-
ylation of Ser16 and Ser18), suggesting that the major modifica-
tions on the N-terminal tail of CENP-A alter the physical proper-
ties of the chromatin fiber at the centromere (Bailey et al., 2013).
In addition, yeast Cse4 (CENP-A homolog) is methylated on
arginine 37 (R37), and this methylation regulates the recruitment
of kinetochore components to centromeric sequences (Samel
et al., 2012). However, the molecular mechanisms of these
PTMs of CENP-A on recruitment to centromeres have not yet
been elucidated.
In this study, we report that PTM of CENP-A via ubiquitylation
at lysine 124 (K124) regulates CENP-A localization. CUL4A-
RBX1-COPS8 E3 ligase activity is required for CENP-A ubiquity-
lation at K124, and this modification is important to localize
CENP-A to centromeres.
RESULTS
CUL4A E3 Ligase Is Required to Localize CENP-A to
Centromeres
The interphase-centromere complex (ICEN) has been isolated by
anti-CENP-A native chromatin immunoprecipitation (Ando et al.,
2002; Izuta et al., 2006; Obuse et al., 2004). We hypothesized
that some of the ICEN proteins may play a role in localizing
CENP-A to centromeres. Therefore, we performed small inter-
fering RNA (siRNA) knockdown to screen for proteins whose
deletion induced the delocalization of CENP-A at centromeres
(Table S1). The Cullin 4A (CUL4A) siRNA significantly induced a
reduction of CENP-A at centromeres (Figures 1A–1C). Ectopic
expression of CUL4A-Flag rescues the reduction of CENP-A at
centromeres when CUL4A siRNA targets 30 UTR (Figures S1A–
S1C), excluding the possibility of off-target effects of siRNA.
By confirming that the protein levels of CENP-A in total cell
lysates were similar to CENP-A levels in lysates from luciferase
(Luc) siRNA-treated cells under the same culture conditions
(Figure S1G), we eliminated the possibility that CUL4A
depletion causes CENP-A protein degradation (see also Figures
S1H–S1M).
Cullin-RING E3 ubiquitin ligases (CRLs) are the most promi-
nent class of ubiquitin ligases (Merlet et al., 2009). CRLs contain
3 major elements: a cullin scaffold, a RING finger protein (RBX1
or RBX2) that recruits a ubiquitin-charged E2 enzyme, and a sub-
strate adaptor that places substrates in proximity to the E2590 Developmental Cell 32, 589–603, March 9, 2015 ª2015 Elsevierenzyme to facilitate ubiquitin transfer (Bennett et al., 2010).
RBX1 siRNAs induced a significant reduction of CENP-A at cen-
tromeres (Figures 1D–1F) under the conditions in which degra-
dation of CENP-A protein was not observed either by RBX1
depletion or by the combination of CUL4A and RBX1 depletion
(Figure S1G). Ectopic expression of Flag-RBX1 rescues the
reduction of CENP-A at centromeres when RBX1 siRNA targets
30 UTR (Figures S1D–S1F), which rules out off-target effects of
siRNA. These findings indicate that CUL4A-RBX1 E3 ligase is
specifically required to localize CENP-A to centromeres.
The CUL4A-RBX1 Complex Contributes to CENP-A
Ubiquitylation In Vivo
Wang et al. reported that the CUL4-DDB1-RBX1/ROC1 complex
functions as a histone ubiquitin ligase and that ubiquitylation of
histones H3 and H4 occurs in the cellular response to DNA dam-
age (Wang et al., 2006). On the basis of the high CENP-A homol-
ogy to histone H3, we hypothesized that CENP-A ubiquitylation
by the CUL4A complex might affect CENP-A loading to centro-
meres. To test this hypothesis, we performed an in vivo ubiquity-
lation assay using HeLa Tet-Off cells harboring pcDNA3-HA-
Ubiquitin plus pTRM4-CENP-A-Flag or pTRM4 vector only in
the absence of tetracycline or doxycycline (Figure S2A). CENP-
A-Flag proteins were ubiquitylated in HeLa cells, and putative
mono- and diubiquitylated proteins were identified by the
appearance of bands of appropriate molecular sizes (Figure 2A).
CUL4A or RBX1 single siRNA led to a significant reduction in
ubiquitylation (Figures 2B and S2B, second lane from right).
These results suggest that CENP-A ubiquitylation by CUL4A-
RBX1 E3 ligase is important for CENP-A loading to centromeres.
The CUL4A Complex Uses Adaptor COPS8/CSN8 to
Target CENP-A
CUL4 assembles multiple different ligases to target different
substrates (Bennett et al., 2010; Jackson and Xiong, 2009; Mer-
let et al., 2009). However, we did not detect significant CENP-A
signal reduction at centromeres by using siRNAs against other
CUL4-binding linkers and adaptors (DDB1, DDB2, WDR5, and
EED) (He et al., 2006) (Figures S2C and S2D; Table S1). To iden-
tify the specific CUL4A adaptor protein that targets CENP-A,
CUL4A and associated proteins were immunopurified from ex-
tracts of HeLa cells that transiently expressed myc-tagged
CUL4A (myc3-CUL4A). Subsequently, liquid chromatography
tandem mass spectrometry (LC-MS/MS) was performed by the
linear ion-trap method. Five proteins (CAND1, DDB1, COPS4/
CSN4, COPS3/CSN3, and COPS8/CSN8) were identified in
myc-CUL4A immunoprecipitates by LC-MS/MS analysis as
significant peptide hits, based on the criteria that they were iden-
tified with more than two peptides (after subtraction of non-
specific peptides) having an expected score of 10e6 or less
(Table S2). We performed siRNA knockdown experiments to
examine whether these candidate proteins have a role in recruit-
ing CENP-A to centromeres. COPS8 siRNAs significantly
induced the delocalization of CENP-A at centromeres (Fig-
ure 2C), but DDB1 or COPS4 siRNAs did not (Figures S2C and
S2E; Table S1). Depletion of COPS8 protein induced a significant
reduction in CENP-A ubiquitylation (Figure S2B, last lane from
left). Recombinant purified COPS8 specifically bound purified






Figure 1. The CUL4A Complex Is Required for CENP-A Localization to Centromeres
(A)CUL4A siRNAcauses delocalizationofCENP-A fromcentromeres.HeLa cellswere transfected for 48 hrwithCUL4Aor luciferase (Luc) siRNAs.Scale bar, 10mm.
(B)Western blot analysis of total cell lysates of HeLa cells harvested 48 hr after transfection with CUL4A siRNA (Table S4) or Luc siRNA. GAPDH protein was used
as a loading control.
(C) CENP-A signals at centromeres given in (A) were quantified. Signals were normalized with Luc siRNA-treated cells, and the mean percentages (±SD) are
shown. ****p < 0.0001 compared with Luc siRNA-treated cells (Student’s t test).
(D) RBX1 siRNA causes delocalization of CENP-A from centromeres. HeLa cells were transfected for 72 hr with RBX1 or luciferase (Luc) siRNAs. Scale bar, 10 mm.
(E) Western blot analysis of HeLa cells transfected with RBX1 or Luc siRNA(s) for 72 hr.
(F) CENP-A signals at centromeres given in (D) were quantified. Signals were normalized with Luc siRNA-plus vector-transfected cells, and themean percentages
(±SD) are shown. ****p < 0.0001 compared with Luc siRNA-treated cells (Student’s t test).





Figure 2. The CUL4A-RBX1 Complex Contributes to CENP-A Monoubiquitylation and Diubiquitylation through the Adaptor Protein COPS8
(A) Representative images of the in vivo ubiquitylation assay (see Experimental Procedures). Proteins in 5%of the total cell lysates (Input) and immunoprecipitates
(IP) were detected by western blot (WB) analysis using the indicated antibodies. Bands of putative di-Ub-CENP-A-Flag (**) and putative mono-Ub-CENP-A-Flag
(*) are indicated with arrows.
(B) Representative images of the in vivo ubiquitylation assay with the combination of CUL4A or Luc siRNA. For western blot analysis, GAPDH protein was used
as a loading control. The histogram shows quantified putative mono- and diubiquitylated-CENP-A-Flag bands (ratio of the ubiquitylated band signal to
Flag band signal was normalized with pTRM4-CENP-A-Flag plus Luc siRNA-transfected cells [left column]). Experiments were repeated (nR 3 experiments),
and the mean percentages (±SD) are shown. ****p < 0.0001 compared with pTRM4-CENP-A-Flag plus Luc siRNA-transfected cells (left column, Student’s
t test).
(legend continued on next page)
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confirmed in different systems (Figures S2I and S2J; in the yeast
two-hybrid analysis, CAND1 did not interact with CENP-A, and
CENP-A showed dimerization). These data support that the
interaction between COPS8 and CENP-A is specific and direct
(see also Figures S3A–S3C and Table S6).
The CUL4A-RBX1-COPS8 Complex Ubiquitylates CENP-
A In Vitro
To test whether the E3 activity of the CUL4A-RBX1-COPS8
complex could ubiquitylate CENP-A in vitro, a ubiquitylation
assay was performed using Sf9 cell lysates expressing 6xHis-
CUL4A, RBX1, and 6xHis-COPS8 and in-vitro-transcribed and
-translated 35S-labeled GST-CENP-A (Figure S3D). We also
used purified 6xHis-tagged proteins (CUL4A, RBX1, COPS8,
and CENP-A) that were expressed in Sf9 cells (Figures 2E,
S3E, and S3F). In both systems, putative monoubiquitylation
bands of CENP-A were found only in the sample with a mixture
of three factors (CUL4A, RBX1, and COPS8) but not in other con-
trol samples (Figures 2E, S3D, and S3E). Addition of COPS8
DWD40 instead of WT did not induce proper ubiquitylation in
both systems (Figures 2E and S3E, compare lanes 3 and 4; Fig-
ure S3G, compare lanes 3 and 4). These results confirm that, only
in the presence of the specific adaptor COPS8, the recombinant
CUL4A-RBX1 complex can ubiquitylate CENP-A in vitro.
CENP-A K124 Ubiquitylation Is Essential to Localize
CENP-A to Centromeres and Important for Binding
to HJURP
Our immunoprecipitation mass spectrometry analysis revealed
that CENP-A-Flag is ubiquitylated on lysine 124 (K124) in HeLa
cells (Figure 3A; Table S7). The crystal structure of the CENP-A
nucleosome revealed that the K124 site resides in the CENP-A
a3 helix, although the site is not within the CATD region (Figures
3A, top, and S4A). Interestingly, K124 is conserved amongmam-
mals, birds, lizards, plants, and a group of fungi (i.e., budding
yeast) (Figures 3A, top, and S4B). CENP-A lysine mutants (Fig-
ure S4C; see also Figure S7F) were constructed and their centro-
meric localization was tested. The K124R mutation substantially
abrogated the centromeric localization of exogenous CENP-A,
giving diffused signals in both mitotic and interphase HeLa
cells (Figures 3B and 3C; representative data of other cell-cycle
stages shown in Figures S4D and S4E). Neither K9A (which cor-
responds to histone H3 K9 methylation) nor K77R (a unique
lysine site in CATD) mutations significantly affected centromere
delocalization of CENP-A (Figures 3C and S4E).
These results raised two possibilities regarding the in vivo
function of CENP-A ubiquitylation on K124: (1) K124 ubiquityla-
tion is involved in ubiquitin-mediated proteolysis to eliminate
overexpressed and/or mislocalized CENP-A to euchromatin, or(C) (Top) Western blot analysis of HeLa cell total lysates harvested 72 hr after tran
in HeLa cells were quantified 72 hr after transfection with COPS8 or Luc siRNA
centages (±SD) are shown. ****p < 0.0001 compared with Luc siRNA-treated cel
(D) Purified 6xHis-CENP-A directly interacts with purified 6xHis-COPS8. Protein
Proteins were immunoprecipitatedwith anti-CENP-A antibody (aCA) or immunoglo
recombinant proteins). Note that 6xHis-CENP-A migrates slower than Flag-tagg
(E) In vitro ubiquitylation assay using purified components (see Experimental Proc
COPS8DWD40) (see Figure S3F) were used and shown in the upper table. The ban
are shown in Figure S3E.
Devel(2) CENP-A ubiquitylation on K124 is involved in loading
CENP-A to centromeres. To test the first possibility, we
compared the stabilities of CENP-A-Flag WT and the K124R
mutant by monitoring protein levels. Both CENP-A-Flag WT
and the K124R mutant showed similar protein stabilities after
new protein synthesis was inhibited by adding doxycycline to
cell cultures (Figure S4F). These data suggest that ubiquitylation
on K124 is likely not involved in ubiquitin-mediated proteolysis to
eliminate overexpressed and/or mislocalized CENP-A. Further-
more, we monitored protein stability of endogenous CENP-A af-
ter cycloheximide (CHX) treatment in CUL4A- or RBX1-depleted
cells. Neither CUL4A nor RBX1 depletion stabilized endogenous
CENP-A (Figure S4G), which is consistent with our observation
in the asynchronous or Taxol-treated condition (Figure S1G).
These data indicate that neither CUL4A nor RBX1 is involved in
ubiquitin-mediated proteolysis of CENP-A, suggesting that the
CUL4A-RBX1 complex contributes to ‘‘signaling’’ ubiquitylation,
which is required for CENP-A localization at centromeres (see
Discussion).
To confirm that the K124Rmutation abrogates putative mono-
and diubiquitylation bands, both in vivo and in vitro ubiquitylation
assays were performed using the K124R mutant. Presence of
the K124R mutation abrogated the appearance of ubiquitylated
forms (Figures 3D, 3E, S3G, and S5A–S5D; see also Discussion
and Figures S7A–S7D). The K124R mutation, CUL4A, or RBX1
siRNA significantly reduced the interaction of CENP-A with
endogenous HJURP in HeLa cells (Figures 3F and S5E; see
also Discussion and Figure S7E). Collectively, these data sug-
gest that CENP-A K124 is monoubiquitylated or diubiquitylated
by the CUL4A-RBX1 complex and that CENP-A K124 ubiquityla-
tion is required for efficient interaction with HJURP to properly
localize CENP-A at centromeres.
Monoubiquitin Fusion Is Sufficient to Load CENP-A
K124R at Centromeres
On the basis of the results above, we hypothesized that a cova-
lently linked monoubiquitin serves as a signal to load CENP-A at
centromeres. To test this hypothesis, we constructed an N-ter-
minal Flag-tagged and C-terminal ubiquitin-fused WT and
K124R mutant CENP-A (Figures 4A and 4B). To prevent ubiqui-
tin-fused CENP-A protein from potential polyubiquitylation, we
also used the monoubiquitin mutant Ub (K48R), which has lost
a major site for polyubiquitylation (Antonelli et al., 1999; Codomo
et al., 2014; Thrower et al., 2000). These constructs allowed
us to study the role of CENP-A monoubiquitylation. We tested
the centromeric localization of constructs by capturing anti-
Flag immunofluorescent signals. Both Flag-CENP-A (WT) and
Flag-CENP-A (WT)-Ub (WT) maintained their centromere locali-
zation, whereas Flag-CENP-A (K124) substantially abrogatedsfection with COPS8 or Luc siRNA(s). (Bottom) CENP-A signals at centromeres
(s). Signals were normalized with Luc siRNA-treated cells, and the mean per-
ls (Student’s t test).
s in 3% of the total reaction (T) and immunoprecipitated (P) were detected.
bulin G control (IgG) (Table S3; see Figures S2F–S2H, for verification of purified
ed CENP-A on SDS-PAGE gels.
edures). Purified 6xHis-tagged components (CUL4A, RBX1, and COPS8WT or
d of putative 63His -CENP-A-Ub is indicated with an arrow. Overview images






Figure 3. CENP-A K124 Ubiquitylation Is Required for CENP-A Localization at Centromeres
(A) (Top) C-terminal conserved region betweenS. cerevisiaeCse4 and humanCENP-A. The ubiquitylation site (lysine 124) on humanCENP-A is indicated, and the
CATD is underlined. (Bottom) Lysine 124 on CENP-A is a ubiquitylation site in vivo. Collision-induced dissociation analysis of the VTLFPKGGDVQLAR (m/z 500.94)
peptide is displayed (coverage 55%). The b (blue) and y (red) ions detected during fragmentation are highlighted in the table. The y-7 ion (m/z 943.4890) confirms
the modification of K124 by the di-glycine motif (see Table S7).
(B) The CENP-A K124R mutant delocalizes from centromeres (see Immunofluorescence in Supplemental Experimental Procedures). DAPI (blue), Flag (green),
and endogenous CENP-B (red) as a centromere location control were visualized. Note that diffused signals appear in the exogenous CENP-A-Flag over-
expression, presumably because its expression level is approximately 1.0–1.4 orders of magnitude (10- to 25-fold) higher than endogenous CENP-A (data not
shown). Representative images of other cell-cycle stages are shown in Figure S4D. Scale bar, 10 mm.
(legend continued on next page)
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centromere localization of CENP-A (Figures 4C and 4D, column
6; representative data of other cell-cycle stages shown in Figures
S5F and S5G). The Flag-CENP-A (K124R)-Ub (K48R) protein,
which presumablymimicsmonoubiquitylated CENP-A, substan-
tially restored the localization to centromeres (Figures 4D and
S5G, compare columns 5 and 6) more efficiently than did
CENP-A (K124R)-Ub (WT) (Figures 4D and S5G, compare col-
umns 4–6; see also Discussion).
To determine the specific function of CUL4-RBX1 E3 activity
on K124 monoubiquitylation, we examined the localization of
Flag-CENP-A (K124R)-Ub (K48R) in CUL4A- or RBX1-depleted
cells. Flag-CENP-A (K124R)-Ub (K48R) was localized at centro-
meres, whereas Flag-CENP-A was significantly delocalized from
centromeres in CUL4A- or RBX1-depleted cells (Figure 4E), indi-
cating that CUL4A and RBX1 are required for loading CENP-A to
centromeres via ubiquitylation of K124R.
Importantly addition of monoubiquitin rescued the interaction
of the CENP-A K124R mutant with HJURP in vivo (Figure 4F,
sample 5) and in vitro (Figures 5A and 5B, compare lanes 3
and 4 with lanes 7 and 8; verification of protein purification was
shown in Figures S3F and S5H; see also Figure S5I). In vitro,
the fusion of monoubiquitin bypassed the requirement of
CUL4A,RBX1, andCOPS8 for interaction ofCENP-AandHJURP
(Figures 5A and 5B, lanes 7 and 8, respectively). Taken together,
these data demonstrate that monoubiquitylation is an essential
signaling modification required for efficient interaction with
HJURP and subsequent recruitment of CENP-A to centromeres.
The CUL4A-RBX1 Complex Contributes to Localization
of Newly Synthesized CENP-A to Centromeres and to
Maintenance of Old CENP-A at Centromeres
To determine the role of the CUL4A-RBX1 complex in CENP-A
localization at centromeres, we monitored the effects on both
loading of newly synthesized CENP-A (‘‘new CENP-A’’) and
maintenance of pre-existing CENP-A (‘‘old CENP-A’’) using the
SNAP-tag pulse-chase system (Carroll et al., 2009; Foltz et al.,
2009; Jansen et al., 2007; Lagana et al., 2010). The SNAP protein
tag can catalyze the formation of a covalent bond to a benzyl-
guanine moiety coupled to different fluorescent or non-fluores-
cent membrane-permeable reagents (Keppler et al., 2003).
This tag allows pulse-chase experiments to be conducted at
the level of a single protein. We applied quench-chase-pulse la-
beling with this technique to follow the fate of newly synthesized
CENP-A (‘‘New CENP-A labeling,’’ Figure 6A, top) as well as
pulse labeling to determine CENP-A turnover specifically at cen-
tromeres (‘‘Old CENP-A labeling,’’ Figure 6A, bottom) (Jansen(C) Histograms summarizing the localization patterns shown in (B). More than 50
mean percentages (±SD) are shown. ‘‘Others (Non-centromere)’’ indicates most
phase) presumably due to transfection or other treatments. Histograms of other c
WT-Flag (Student’s t test).
(D) The CENP-A K124R mutation abrogates ubiquitylation of CENP-A in vivo (see
Flag.
(E) The CENP-A K124R mutation abrogates ubiquitylation of CENP-A in vitro (se
COPS8) are shown in the upper table. Band of putative GST-CENP-A-Ub is indic
(F) (Top) The CENP-A K124R mutation reduces the interaction with HJURP in viv
see also Discussion and Figures S5E and S7E). Proteins in 2% of the total cell lys
quantified coprecipitated endogenous HJURP bands represented in (top) (ratio to
[left column]). Experiments were repeated (n R 4 experiments), and mean pe
WT-Flag-transfected cells (left column, Student’s t test).
Develet al., 2007; Lagana et al., 2010). CUL4A or RBX1 siRNAs were
transfected during the double-thymidine block-and-release
experiment, using established HeLa cell lines stably expressing
centromere-localized CENP-A-SNAP at near endogenous levels
(Jansen et al., 2007; Lagana et al., 2010). First, we confirmed that
CUL4A or RBX1 depletion did not significantly affect cell-cycle
progression both in asynchronous cells (Figure S6A) and in dou-
ble-thymidine blocked or released cells (Figure S6B). Jansen
et al. reported that for approximately 11 hr after release from
thymidine the initially synchronized cell population does not
load substantial levels of CENP-A; loading occurs concomitantly
with entry into G1, and loading of newly synthesized CENP-A
begins in telophase (Jansen et al., 2007). Consistent with these
findings, we did not observe substantial levels of CENP-A
loading at 0, 6, and 8.5 hr (data not shown), and the majority of
cells had newly incorporated pulse-labeled CENP-A at 15 hr af-
ter thymidine release (Figure 6C, top; data not shown). CENP-A
assembly was saturated at 23 hr post-thymidine release, corre-
sponding to the next G1-S in the Luc control sample (Figure 6C,
top; data not shown). However, CUL4A- or RBX1-depleted cells
had substantially impaired assembly of newly synthesized
CENP-A (Figures 6B and 6C, top). Preassembled old CENP-A
was also reduced slightly but significantly in CUL4A siRNA (23
and 32 hr) or RBX1 siRNA (32 hr) -treated cells (Figures 6B and
6C, bottom), suggesting that the CUL4A-RBX1 complex also
has a role in maintaining ‘‘old’’ CENP-A at centromeres.
H3-CATD K125 Ubiquitylation Is Required for H3-CATD
Centromere Localization
CATD is a cis-acting element within CENP-A required for its as-
sembly at centromeres (Black et al., 2004, 2007), and it com-
prises the loop 1 and a2 helix of the histone-fold domain. Substi-
tution into histone H3.1 of the CATD is sufficient to promote
assembly of chimeric histone H3.1 (H3-CATD) to centromeres
(Black et al., 2004). To test whether the ubiquitylation signaling
is specific to CENP-A, we studied H3-CATD localization at cen-
tromeres with CUL4A and/or RBX1 siRNA(s). A single or a double
depletion significantly induced the delocalization of H3-CATD at
centromeres (Figures S6E and S6F) without affecting protein
levels (Figure S6G) and abrogates ubiquitylation of H3-CATD
(Figure S6H). Because the CENP-A K124 site is outside the
CATD region, H3-CATD maintains H3-derived lysine K125
(K125 is shifted two amino acid positions from H3 K123 by the
chimeric construction). The K125R mutation substantially
reduced the centromeric localization of H3-CATD in both mitotic
and interphase HeLa cells (Figures 7A and 7B) without affectingmetaphase cells were counted per experiment (nR 3 experiments), and the
ly damaged cells, dead cells, or cells with nucleolar localization (only in inter-
ell-cycle stages are shown in Figure S4E. ***p < 0.001 compared with CENP-A
Experimental Procedures). WT, CENP-A (WT)-Flag; K124R, CENP-A (K124R)-
e Experimental Procedures). 6xHis-tagged components (CLU4A, RBX1, and
ated with arrow.
o (see Immunoprecipitation Assay in Supplemental Experimental Procedures;
ates (T) and immunoprecipitates (P) were detected. (Bottom) Histogram shows
Flag band signal normalized with pTRM4-CENP-A WT-Flag-transfected cells
rcentages (±SD) are shown. ****p < 0.0001 compared with pTRM4-CENP-A






Figure 4. CENP-A Monoubiquitin Fusion Rescues Delocalization of the CENP-A K124R Mutant from Centromeres
(A) Schematic figures of each construct used in this study. The K124R mutation site on CENP-A (red) and the K48R mutation site on monoubiquitin (blue) are
indicated. (1) WT, non-fused CENP-A (WT); (2) WT-Ub (WT), CENP-A (WT)-Ub (WT); (3) WT-Ub (K48R), CENP-A (WT)-Ub (K48R); (4) K124R-Ub (WT), CENP-A
(K124R)-Ub (WT); (5) K124R-Ub (K48R), CENP-A (K124R)-Ub (K48R); (6) K124R, non-fused CENP-A (K124R).
(B) Western blot analysis of HeLa Tet-Off cell total lysates. Cells were cultured without tetracycline/doxycycline and harvested 48 hr after transfection with each
construct indicated in (A). Putative dimer (##) and monomer (#) of each construct are also indicated. Note that ubiquitylated CENP-A bands do not appear in this
membrane because of non-HA-Ub coexpression, MG132-untreated, and non-immunoprecipitated samples.
(legend continued on next page)
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expression levels (Figure 7C) and abrogates ubiquitylation of H3-
CATD (Figures 7D and 7E). These data indicate a specific role of
K124 in collaboration with CATD in centromere localization of
CENP-A.
DISCUSSION
In this study, we found that CENP-A ubiquitylation on lysine 124
(K124) mediated by the CUL4A-RBX1/ROC1 E3 ligase is
required for CENP-A recruitment to centromeres. Lysine 124 is
the in vivo and in vitro ubiquitylation site on CENP-A. However,
the question of how and when one centromeric nucleosome
wrapped by DNA accommodates the enlarged size of ubiquity-
lated CENP-A (from 16.0 to 24.5 kDa by monoubiquitylation)
remains unanswered. We found ubiquitylation of endogenous
CENP-A in chromatin extracts (Figure S7A), and most of the
ubiquitylated endogenous CENP-A was found in the chro-
matin-insoluble fraction (Figures S7B–S7D). Of the total precipi-
tated nucleosomal CENP-A, there were 6%–11% of monoubi-
quitylated proteins (Figure S7A), suggesting that ubiquitylated
CENP-A exists heterogeneically in nucleosomes. Consistent
with this, results of the UbFC analysis suggest that K124-ubiqui-
tylated CENP-A exists at centromeres and the nuclear region
(Figures S5A–S5D). The latest crystal structure of the human
centromeric nucleosome containing CENP-A indicates that the
CENP-A nucleosome structure is not compact, as suggested
in the free CENP-A-H4 structure (Figure S4A) (Sekulic et al.,
2010; Tachiwana et al., 2011). By using single-molecule atomic
force microscopy, Bui et al. found that diameters but not heights
of CENP-A nucleosomes change over the cell cycle, although
they concluded that CENP-A nucleosomes change from tetra-
mers to octamers at the S phase (Bui et al., 2012). Our cell-cycle
analysis using chromatin-free extracts revealed that the level of
CENP-A ubiquitylation increases in the M and early G1 phases
(Figures S6C and S6D), which is consistent with the timing
of centromere localization of HJURP and newly synthesized
CENP-A (Foltz et al., 2009; Jansen et al., 2007).
Recently, Han et al. reported that lysines 121, 122, and 125 of
histone H3 are major ubiquitylation residues in yeast, and the
Rtt101Mms1 and Cul4DDB1 E3 ubiquitin ligases regulate nucleo-
some assembly in yeast and human cells, respectively (Han
et al., 2013). In higher eukaryotes, DDB1 functions as a linker
for CUL4. The DDB1 CUL4 Associated Factor (DCAF) proteins
are the substrate-specificity factors for Cul4-RING ligases
(CRL4s), and mammalian genomes encode more than 50
DCAF proteins, each targeting several different substrates
(Angers et al., 2006; Bennett et al., 2010; He et al., 2006; Higa(C) CENP-A monoubiquitin fusion rescues delocalization of the CENP-A K124R
mental Procedures). DAPI (blue), Flag (green), and endogenous CENP-B (red) as
cell-cycle stages are shown in Figure S5F. Scale bar, 10 mm.
(D) Histograms summarizing the localization patterns shown in (C). More than 50
mean percentages (±SD) are shown. Representative histograms of other cell-cyc
with non-fused Flag-CENP-A K124R [column (6)] (Student’s t test).
(E) CENP-Amonoubiquitin fusion bypasses the requirement for the CUL4A compl
A (WT) and monoubiquitin-fused Flag-CENP-A (K124R)-Ub (K48R) mutant. More
cells were counted per experiment (nR 3 experiments), and the mean percentag
Flag-CENP-A WT plus Luc siRNA-transfected cells (Student’s t test).
(F) CENP-A monoubiquitin fusion rescues the interaction with HJURP. The in v
constructs shown in (A) (see Experimental Procedures). Proteins in 3% of the tot
Develet al., 2006; Jin et al., 2006). He et al. identified the DDB1-binding
WD40 protein (DWD) box and demonstrated the binding of 15
DWD proteins with DDB1-CUL4A (He et al., 2006). However,
we did not observe DDB1 involvement in CENP-A recruitment
to centromeres (Figure S2C). COPS8/CSN8, a subunit of the
COP9 signalosome, is a PCI domain protein required for dened-
dylation in the CRL assemble cycle (Glickman et al., 1998; Merlet
et al., 2009; Pierce et al., 2013; Wei and Deng, 2003). Thus, in
view of the dogma regarding various recognition subunits of a
CRL4 ligase, COPS8 did not seem to be the unique protein
providing substrate specificity. However, we have shown that
(1) DDB1 and DDB2 are not involved in the CENP-A loading
pathway, and thus it is unlikely that DCAF proteins are involved
in that pathway; (2) COPS8 depletion reduced CENP-A localiza-
tion at centromeres; (3) COPS8 interacts directly with CENP-A
in vitro; (4) COPS8 bridges CENP-A and CUL4A; (5) COPS8
has a WD40 motif, and deletion of this motif abrogates the inter-
action with CENP-A and the ability of COPS8 to bridge CUL4A
and CENP-A; and (6) deletion of the COPS8 WD40 motif abro-
gates CENP-A ubiquitylation in vitro. These data suggest that
COPS8 itself is the specific adaptor of the CUL4A-RBX1 com-
plex that is required to recognize and ubiquitylate the substrate
CENP-A in a non-canonical CRL4 machinery, which does not
require DDB1 or DCAF (DDB1-CUL4-associated factors) for
substrate recognition (Jackson and Xiong, 2009). Thus, our evi-
dence that COPS8 is required for CENP-A ubiquitylation is strik-
ing and redefines the paradigm of CRL4 adaptor proteins. It is
possible that COPS8 acts as both a deneddylase and an adaptor
for non-canonical CRL4 regulation.
Two independent groups have recently reported that yeast
Psh1 (an E3 ubiquitin ligase) controls the cellular level of Cse4
via ubiquitylation and proteolysis in budding yeast (Hewawasam
et al., 2010; Ranjitkar et al., 2010). They also showed the toxicity
of Cse4 overexpression in the absence of Psh1, suggesting that
Psh1 prevents the mislocalization of Cse4 through its proteolytic
ubiquitylation. Hewawasam et al. demonstrated the specific
ubiquitylation activity of Psh1 toward Cse4 in vitro and mapped
the sites of ubiquitylation (Hewawasam et al., 2010). However,
the major in vitro ubiquitylation site that they identified (Cse4
lysine 4), which is located in the Cse4 non-homologous N-termi-
nal region, is absent in human CENP-A. In addition, the in vitro
ubiquitylation site (Cse4 lysine 163), which has the highest level
of ubiquitylation in the histone fold domain targeted by Psh1, is
not conserved in human CENP-A (Figure 3A, top). Interestingly,
four of the five ubiquitylated lysine sites identified by Hewawa-
sam et al. (2010) are not conserved in human CENP-A, and
only Cse4 lysine 155 presumably corresponds to humanmutant from centromeres (see Immunofluorescence in Supplemental Experi-
a centromere location control were visualized. Representative images of other
metaphase cells were counted per experiment (nR 3 experiments), and the
le stages are shown in Figure S5G. ****p < 0.0001 and ***p < 0.001 compared
ex. Histograms summarizing the localization patterns of non-fused Flag-CENP-
than 50 pro/prometaphase and metaphase cells and more than 200 interphase
es (±SD) are shown. ****p < 0.0001 and ***p < 0.001 compared with non-fused
ivo immunoprecipitation assay was performed using N-terminal Flag-tagged
al cell lysates (T) and immunoprecipitates (P) were detected.
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AB
Figure 5. Ubiquitylation of CENP-A by the
CUL4A-RBX1 Complex Enhances the Bind-
ing to HJURP In Vitro
(A) In vitro GST pull-down assay was performed
using purified proteins after CENP-A ubiquitylation
in vitro. In vitro ubiquitylation was performed as in
Figure 2E and subsequently purified GST-HJURP-
6xHis or GST was added to perform in vitro GST
pull-down assay. Proteins in 3% of the total reac-
tion (Input) and pulled down with glutathione Se-
pharose (P) were detected (see Protein Purification
and In Vitro GST Pull-Down Assay in Supplemental
Experimental Procedures).
(B) In vitro immunoprecipitation was performed
using purified proteins after CENP-A ubiquitylation
in vitro. In vitro ubiquitylation was performed as
Figure 2E and subsequently purified GST-HJURP-
6xHis or GST was added to perform immunopre-
cipitation. Proteins in 3% of the total reaction
(Input) and immunoprecipitates (IP) obtained were
detected (see Immunoprecipitation Assay in Sup-
plemental Experimental Procedures).CENP-A lysine 64 (data not shown). Our study demonstrates that
human CENP-A is susceptible to monoubiquitylation or diubiqui-
tylation on lysine 124, whereas Cse4 is polyubiquitylated onmul-
tiple lysine sites, most of which are not conserved in human
CENP-A (Collins et al., 2004; Hewawasam et al., 2010; Ranjitkar
et al., 2010). Psh1 lacks apparent homologs in metazoans (Folco
and Desai, 2010). We speculate that the divergence of E3 ligases
in the specificity of ubiquitylation sites and biological functions
occurred during evolution. Ranjitkar et al. reported that CATD
primarily contributes to the interaction with Psh1 and to Cse4
stability via Psh1 ubiquitin ligase (Ranjitkar et al., 2010). Human
CENP-A lysine 77 (K77) is the unique lysine site in CATD, but598 Developmental Cell 32, 589–603, March 9, 2015 ª2015 Elsevier Inc.the K77R mutant in our study did not pro-
duce significant CENP-A delocalization
from centromeres.
Interestingly, very recently Bade et al.
demonstrated that CUL3/RDX1 ubiq-
uitylates CENP-A and stabilizes both
CENP-A and CAL1 (Bade et al., 2014): a
candidate that might fulfill the function
of HJURP in Drosophila melanogaster
as the CENP-A assembly factor (Chen
et al., 2014; Erhardt et al., 2008; Goshima
et al., 2007). Similarly, our results do not
support the involvement of the CUL4A
or RBX1 protein in ubiquitin-mediated
proteolysis of CENP-A, because (1) the
exogenous K124R mutant (both monou-
biquitin fused and non-fused forms)
did not show any change in stability
compared with wild-type CENP-A in
HeLa cell lysates; (2) endogenous
CENP-A proteins significantly delocalized
after CUL4A or RBX1 depletion, but they
did not localize on non-centromere chro-
mosomes or euchromatin, and CUL4A or
RBX1 depletion did not affect the stabilityof endogenous CENP-A; (3) no polyubiquitylation (a typical
modification targeting proteins for proteolysis) of CENP-A
occurred with MG132 concentration of 5 mM in vivo or 1 mM
in vitro, and CENP-A is monoubiquitylated or diubiquitylated
both in vitro and in vivo; (4) SNAP-tag pulse-chase analysis re-
vealed that CUL4A-RBX1 plays a role in incorporating newly
synthesized CENP-A in centromeres; and (5) monoubiquityla-
tion is not a canonical ubiquitin-based signal for proteasome
degradation. Monoubiquitin fusion is sufficient to load CENP-
A K124R at centromeres, and it restores the affinity of CENP-
A K124R to HJURP. Therefore, the ubiquitylation alters protein
function by mechanisms in which protein degradation is not
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Figure 6. The CUL4A-RBX1 Complex Is Required for Incorporating Newly Synthesized CENP-A into Centromeres and for Maintaining Old
CENP-A at Centromeres
(A) Schematic of cell synchronization and labeling protocol for newly incorporated CENP-A (top) and preassembled old CENP-A (bottom). Cell-cycle stages are
estimates based on time elapsed after release from double-thymidine-induced arrest at G1-S.
(B) Both newly incorporated CENP-A and a significant amount of preassembledCENP-A are lost in the absence of CUL4Aor RBX1. The average intensity of signal
(percent) at centromeres in the cell, normalized with Luc siRNA-treated cells at each time point, is listed in the lower left corner of panels showing SNAP CENP-A-
stained cells. Representative images for each time point after release from thymidine are shown. Scale bar, 10 mm.
(C) Quantification of SNAP-tag-labeled CENP-A signals from the experiment performed in (B). Signals of more than 100 interphase cells were quantified per
experiment and the mean percentages (±SD) are shown. ****p < 0.0001 compared with Luc siRNA-treated cells at each time point (Student’s t test).





Figure 7. K125R Mutation Abrogates H3-CATD Ubiquitylation and Localization at Centromeres
(A) Delocalization of the H3-CATD K125R mutant at centromeres. HeLa cells were cultured, transfected, and immunostained (see Immunofluorescence in
Supplemental Experimental Procedures). Scale bar, 10 mm.
(B) Histogram quantifying H3-CATD WT and K125R signals at centromeres given in (A). Signals were normalized with those in H3-CATD WT, and mean
percentages (±SD) are shown. ****p < 0.0001 compared with H3-CATD WT (Student’s t test).
(C) Overexpressed pEYFP-H3-CATDWT and K125R were confirmed, but levels of EYFP-H3-CATD remained unchanged between the WT and K125R mutant. *,
**, and *** indicate non-specific bands.
(D) The H3-CATD K125R mutation abrogates ubiquitylation of CENP-A in vivo (pEYFP vector background; see also Experimental Procedures). Proteins in 5% of
the total cell lysates (Input) and immunoprecipitates (IP) were separated by a 10% SDS-PAGE. YFP Vec, pEYFP vector only; WT, pEYFP-H3-CATD WT; K125R,
pEYFP-H3-CATD K125R. Bands of putative di-Ub-YFP-H3-CATD (**) and putative mono-Ub-YFP-H3-CATD (*) are indicated with arrows.
(legend continued on next page)
600 Developmental Cell 32, 589–603, March 9, 2015 ª2015 Elsevier Inc.
involved, as in the case of other histones (Sigismund et al.,
2004).
There is a discrepancy regarding the experiments using C-ter-
minal ubiquitin fusion constructs (Figure 4): addition of Ub (WT)
but not Ub (K48R) can rescue the K124R mutant (Figures 4D
and S5G, compare columns 4 and 5). One may presume that
addition of Ub (WT) but not Ub (K48R) could induce polyubiqui-
tylation resulting in degradation. However, the protein level of
CENP-A (K124R)-Ub (WT) or CENP-A (WT)-Ub (WT) was not
reduced substantially (Figure 4B). Thus, we consider that
C-terminal tagging Ub (K48R) but not Ub (WT) happens to be
able to mimic K124 ubiquitylation structurally. Indeed, CENP-A
(K124R)-Ub (WT) did not rescue the interaction of the CENP-A
K124R mutant with HJURP in vivo (Figure 4F, sample 4).
Previous studies showed that suppression of HJURP reduced
CENP-A levels, presumably affecting the stability of CENP-A
(Foltz et al., 2009; Shuaib et al., 2010). However, our results indi-
cate that depletion of CUL4A or RBX1 or K124R mutation does
not affect the stability of CENP-A (Figures 4B, S1G, S4C, S4F,
S4G, and S5B). The possible difference between the previous
data and ours is depletion of CUL4A/RBX1 or K124R mutation
abolishes K124 ubiquitylation, but depletion of HJURP still main-
tains monoubiquitylated CENP-A. However, we did not detect
any changes in CENP-A stability between monoubiquitylated
form and non-ubiquitylated form (Figure 4B; data not shown).
Therefore, a plausible explanation for the inconsistency of
CENP-A stability after HJURP dissociation between the previous
studies and ours may be because a ‘‘basal level’’ interaction be-
tween non-ubiquitylated CENP-A and HJURP is sufficient to sta-
bilize CENP-A.
Bui et al. reported that in G1/S-phase-derived cells, CENP-A is
acetylated on lysine 124 and histone H4 on lysine 79, suggesting
that these covalent modifications occur at the key transition from
G1 to S phase (Bui et al., 2012); however, the biological function
of the acetylation is not yet clear. Interestingly, Han et al. showed
that yeast Rtt101Mms1 (CUL4ADDB1 homolog) preferentially ubiq-
uitylates H3K56ac-H4 over unmodifiedH3-H4 in vivo and in vitro.
Our data insinuate that the CENP-A K124 acetylation, which
occurs at the G1/S transition, might ‘‘prime’’ or ‘‘block’’ CENP-
A K124 for ubiquitylation until the M phase. A recent study in
the LacI-LacO system demonstrated that the presence of
HJURP is sufficient for forming a functional de novo kinetochore
(Barnhart et al., 2011), which is in agreement with our findings
that the ubiquitylation of CENP-A is also required for efficient
interaction with HJURP to properly localize CENP-A at centro-
meres (Figures 3F, 4F, 5A, 5B, S5E, and S5I; see also Figures
S6C and S6D). A certain level of ubiquitylation in the nucleosome
could be still required after the incorporation to maintain ‘‘old’’
CENP-A at the centromere during the G1 phase, which is sup-
ported by results of our SNAP assay (Figure 6). Whereas histone
ubiquitylation in the cellular response to UV damage is mediated
through CUL4-DDB-RBX1/ROC1 (Wang et al., 2006) and the
transfer of H3-H4 from the Asf1-H3-H4 complex to other histone
chaperones is regulated by the Cul4ADDB1 E3 ligase (Han et al.,(E) The H3-CATD K125R mutation abrogates ubiquitylation of CENP-A in vivo (pT
the total cell lysates (Input) and immunoprecipitates (IP) obtained using ANTI-FLA
WT, pTRM4-H3-CATDWT-Flag; K125R, pTRM4-H3-CATDK125R-Flag. Bands of
indicated with arrows.
Devel2013), the recruitment of CENP-A to centromeres is led by
ubiquitylation on CENP-A K124 by the CUL4A-RBX1-COPS8
complex.
Last, but not least, our result is consistent with those from pre-
vious studies demonstrating that CATD is important for centro-
mere targeting (Figures 7 and S6E–S6H) (Black et al., 2004,
2007): the collaboration of both CATD and ubiquitylation on




See Table S3 for antibodies, Table S4 for siRNA sequences, and Table S5 for
plasmid vectors used in this study.
Cell Culture and Transfection
HeLa or HeLa Tet-Off cells (Clontech) were cultured in high-glucose DMEM
(BioWhittaker) with 10% fetal bovine serum (FBS) (Invitrogen). Cells were
grown at 37C in 5% CO2 in a humidified incubator. Cells were transfected
with annealed double-stranded siRNA(s) or mammalian expression plasmids
by using Lipofectamine 2000 (Invitrogen), Lipofectamine 3000 (Invitrogen),
Lipofectamine LTX (Invitrogen), or Lipofectamine RNAiMAX (Invitrogen).
HeLa Tet-Off cells were cultured without tetracycline/doxycycline and tran-
siently transfected with the pTRM4 overexpression vector whose transcription
was regulated by the TRE promoter. The double-thymidine block and Taxol
treatment were performed as described previously (Jansen et al., 2007; Niikura
et al., 2006, 2007, 2010; Tatsumi et al., 2003).
CENP-A In Vivo Ubiquitylation Assay
In short, HeLa or HeLa Tet-Off cells were transfected with the indicated
expression vectors and incubated with 5 mM MG132 (Calbiochem) for 24 hr.
Cells were then collected and lysed in denaturing buffer A (20 mM Tris-HCl
[pH 7.4], 50 mM NaCl, 0.5% Nonidet P-40, 0.5% deoxycholate, 0.5% SDS,
1 mM EDTA, 50 mM MG132, and complete EDTA-free protease inhibitor
cocktail [Roche]) (Wang et al., 2006) by a sonication and freeze-thaw process.
Proteins were immunoprecipitated and the elution was used for western blot
analysis with the indicated antibodies. Details are described in Supplemental
Experimental Procedures.
CENP-A In Vitro Ubiquitylation Assay
In vitro ubiquitylation assay was performed as described previously (Lorick
et al., 2006) with the following minor modifications. In the case that Sf9 cell ly-
sates were used, in-vitro-transcribed and -translated 35S-labeled GST-CENP-
A was incubated with Sf9 cell lysates harboring recombinant 6 3 His-compo-
nents (63 His-CUL4A, 63 His-RBX1, and/or 63 His-COPS8) as indicated. A
25-ml reaction mixture contained 50 mM Tris-HCl (pH 7.5), 5 mMMgCl2, 2 mM
ATP, 2 mM DTT, 0.2 mM ubiquitin aldehyde, 1 mMMG132, 2 mM LLnL, 100 ng
E1 (UBE1), 100 ng E2 (UbcH5c), and 10 mg HA-ubiquitin. GST-proteins were
purified on glutathione Sepharose 4 FAST Flow (GE Healthcare), washed
four times with STE buffer (100 mM NaCl, 10 mM Tris-HCl [pH 8.0], 1 mM
EDTA [pH 8.0]) and separated on SDS-PAGE gels. Ubiquitylated 35S signals
(GST-CENP-A or GST) were detected by autoradiography.
In the purified system, the indicated 6xHis-tagged proteins (CENP-A,
CUL4A, and RBX1) were expressed in Sf9 insect cells and purified with Ni-
NTA Agarose (QIAGEN). COPS8 WT and DWD40 proteins were expressed in
BL21-Gold (DE3) bacterial cells (Stratagene/Agilent Technologies) and purified
with Ni-NTA Agarose (QIAGEN). Then, these purified proteins (CENP-A 310 ng,
CUL4A 154 ng, RBX1 184 ng, COPS8WT 125 ng, and COPS8 DWD40 125 ng)
were combined to a 12.5-ml reaction mixture contained 50 mM Tris-HClRM4 vector background; see also Experimental Procedures). Proteins in 5% of
G M2 Affinity Gel (SIGMA-ALDRICH) were detected. Vec, pTRM4 vector only;
putative di-Ub-H3-CATD-Flag (**) and putativemono-Ub-H3-CATD-Flag (*) are
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(pH 7.5), 5 mMMgCl2, 2 mMATP, 2mMDTT, 0.2 mMubiquitin aldehyde, 1 mM
MG132, 2 mM LLnL, 50 ng E1 (UBE1), 50 ng E2 (UbcH5c), and 5 mg ubiquitin.
Alternatively, purified Ni-NTA Agarose (QIAGEN) bound to the indicated 6xHis-
tagged component(s) was eluted with Native Elution Buffer (see user manual of
Ni-NTA Purification System, Invitrogen, 25-0490) and used for ubiquitylation
and subsequent assay (see Immunoprecipitation Assay and/or In Vitro GST
Pull-Down Assay in Supplemental Experimental Procedures).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and seven tables and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2015.01.024.
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